Fibroblast growth factor 4 (FGF4) is considered a crucial gene in the development of mammalian embryos. Here we identified common amino acid sequences predicted from coding exons of the FGF4 gene in five pigs of two breeds, and HispFGF4, a 6Â histidinetagged porcine FGF4, was produced in Escherichia coli. HispFGF4 was purified efficiently from the supernatant of cell lysate by heparin column chromatography. In a porcine embryonic fibroblast cell line, HispFGF4 showed significant mitogenic activities at concentrations as low as 0.001 nM (p < 0:01). To the best of our knowledge, this is the first report describing the complete nucleotide sequence of coding exons for the porcine FGF4 protein in two breeds, together with the production of a recombinant, bioactive porcine FGF4 derivative.
Fibroblast growth factor 4 (FGF4) is considered a crucial gene in the development of mammalian embryos. Here we identified common amino acid sequences predicted from coding exons of the FGF4 gene in five pigs of two breeds, and HispFGF4, a 6Â histidinetagged porcine FGF4, was produced in Escherichia coli. HispFGF4 was purified efficiently from the supernatant of cell lysate by heparin column chromatography. In a porcine embryonic fibroblast cell line, HispFGF4 showed significant mitogenic activities at concentrations as low as 0.001 nM (p < 0:01). To the best of our knowledge, this is the first report describing the complete nucleotide sequence of coding exons for the porcine FGF4 protein in two breeds, together with the production of a recombinant, bioactive porcine FGF4 derivative.
Key words: Escherichia coli; fibroblast growth factor 4; porcine; recombinant; structural gene Fibroblast growth factor 4 (FGF4) secreted from the inner cell mass, founder cells of the epiblast, of mouse blastocysts maintains the polar trophectoderm in a proliferative state. 1) Subsequently, secreted from the epiblast, it stimulates the proliferation of extra-embryonic ectoderm derived from the polar trophectoderm immediately after implantation. [1] [2] [3] With the progression of embryonic development, the epiblast and extraembryonic ectoderm give rise to the fetus and the placenta respectively. Hence FGF4 is an indispensable growth factor, especially for the development of the placenta in mouse embryos, and Fgf4-null mice die at the peri-implantation stage.
2) Previous studies have also indicated that Fgf4 expression is almost undetectable in adult mice, as contrasted with the well-defined temporal and spatial expression of it during embryogenesis.
In bovine cloning by somatic cell nuclear transfer (SCNT), high rates of early embryonic, neonatal, or postnatal abnormalities have been observed. 4, 5) Recently, aberrant expression patterns of genes, including FGF4, were detected in bovine embryos generated by SCNT. 6, 7) FGF4 is of considerable interest as a crucial gene in the proper development not only of mouse embryos but also of bovine embryos. However, the roles of FGF4 and its encoded protein during the embryogenesis of pigs are still unclear.
The structural gene for full-length porcine FGF4 encodes 206 amino acid residues, probably including a signal peptide at the amino-terminus (GenBank accession no. XM 003122418). The secreted, mature form of porcine FGF4 may be comprised of 175 amino acid residues from proline 32 to leucine 206 (Pro 32 -Leu 206 ), as predicted from the amino-terminus sequence of a recombinant, fully bioactive human FGF4 secreted from monkey-kidney derived COS1 cells expressing its entire cDNA. 8) In humans, mice, and pigs, FGF4 contains a single N-linked glycosylation signal in the aminoterminus region of the mature protein, although glycosylation is probably not essential to its biological activities. 9) Indeed, human and murine FGF4 proteins produced in E. coli have an anabolic effect on bone in mice 10) and a stimulatory effect on the proliferation of mouse trophoblast stem cells 11) respectively. However, the structural gene encoding porcine FGF4 (XM 003122418), currently available in the GenBank database, is a draft sequence. Therefore, in this study, we clarified the complete nucleotide sequence of the structural gene for FGF4 in five pigs derived from two breeds, and produced a recombinant, bioactive porcine FGF4 in E. coli.
Materials and Methods
Determination of the complete nucleotide sequence of the structural gene encoding porcine FGF4. Genomic DNA was prepared from blood samples collected with heparin from two Landrace pigs, half-sisters, and three Duroc pigs, full blood, as reported previously. 12) A genomic DNA region containing the complete coding exons for porcine FGF4 was amplified by PCR as follows: PCR amplifications were performed in a 20-mL reaction volume with 200 ng of genomic DNA as template, KOD-plus DNA polymerase (Toyobo, Osaka, Japan), and a primer set (5 0 -GGCCACTGAAAGAGAGGTGGAGAAGG-3 0 and 5 0 -CAATAA-CTTTGCCCGATGATGAATGTCAAG-3 0 ), in the presence of 10% dimethyl sulfoxide and 1 M betaine. PCR was performed as follows: hot start 4 min at 98 C, followed by 50 cycles of 30 s at 98 C, 30 s at 58 C, and 5 min at 68 C, and a final extension of 5 min at 68 C. The y To whom correspondence should be addressed. Fax: +81-18-872-1676; E-mail: makoba@akita-pu.ac.jp PCR products were separated by 0.8% agarose gel electrophoresis and purified from the excised gel pieces using a NucleoSpin Extract II Kit (Macherey-Nagel, Duren, Germany) following the manufacturer's instructions. The nucleotide sequences of the purified DNA fragments were determined in the presence of 1.5 M betaine using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems Japan, Tokyo, Japan) following the manufacturer's instructions.
Construction of bacterial expression vectors for porcine FGF4 (Pro
32 -Leu 206 ). We obtained PCR products containing the complete coding exons of the bovine FGF4 gene in a previous study. 12) Hence the DNA fragment encoding bovine FGF4 (Pro 32 -Leu 206 ) was used as template for the generation of a DNA fragment encoding porcine FGF4 (Pro 32 -Leu 206 ) by site-directed mutagenesis, as follows: Gly37Arg, Arg144Lys, Pro149Ala, Thr152Ser, Arg156Lys, Arg158Lys, Asp172Tyr, and His174Tyr, the letters after the numbers indicating the amino acid residues in porcine FGF4. In order to generate pET28/ HispFGF4, the DNA fragment encoding porcine FGF4 (Pro 32 -Leu 206 ) was inserted into the NdeI/EcoRI sites of pET-28a(þ) (Novagen, Madison, WI) for efficient initiation of translation from a tag containing 6Â His (Met-Gly-Ser-Ser-His-His-His-His-His-His-SerSer-Gly-Leu-Val-Pro-Arg-Gly-Ser-His-Met) placed in the expression vector. The DNA fragment encoding porcine FGF4 (Pro 32 -Leu 206 ) was cloned into the NcoI/EcoRI sites of pET-28a(þ) in order to add an inframe Met codon within the NcoI site to serve as a translation initiation site for expression in E. coli. This recombinant plasmid is referred to as pET28/MpFGF4. Then the nucleotide sequences of the structural gene encoding porcine FGF4 (Pro 32 -Leu 206 ) were confirmed.
Expression of porcine FGF4 in E. coli and purification by heparin column chromatography. Culturing of E. coli and purification of FGF4 was performed as described previously. 11) In brief, FGF4 expression was induced by adding isopropyl-1-thio--D-galactopyranoside (IPTG, 1 mM, Nacalai Tesque, Kyoto, Japan) to cultures of E. coli strain Rosetta(DE3)pLysS (Novagen), bearing the recombinant plasmid. The cells were lysed by three successive cycles of freezing and thawing, disrupted by sonication, and cleared by centrifugation, and the bacterial supernatant was harvested. Purification of FGF4 was done by subjecting the supernatant to heparin column chromatography, as described previously 11) with minor modifications. Instead of dialysis, selected fractions from heparin column chromatography were subjected directly to centrifugal ultrafiltration (Centricon Plus-70, molecular weight cut-off 10,000, Millipore, Bedford, MA) in order to concentrate them 15-to 25-fold and to change the elution buffer to PBS (Ca 2þ -and Mg 2þ -free) and distilled water for cell growth assay and amino acid analysis respectively.
Protein analyses. The concentration of protein was determined using a BCA Protein Assay reagent (Pierce, Rockford, IL) with BSA as standard.
A portion of purified FGF4 was hydrolyzed with 6 M HCl for 22 h at 110 C. Amino acid analysis was done using an amino acid analyzer (model L-8900, Hitachi, Tokyo, Japan). The hydrolysis conditions led to the conversion of Asn and Gln to Asp and Glu respectively, as well as disruption of Trp, and the predicted amino acid composition was calculated taking these changes into account.
Western blot analysis was performed as described previously. 13, 14) Anti-6Â His-tag antibodies (sc-803, 1:5,000, Santa Cruz Biotechnology, Santa Cruz, CA; 27-4710-01, 1:9,000, GE Healthcare, Piscataway, NJ) were used as primary antibodies.
Cell growth assay. Porcine embryonic fibroblast PEF SV40 cells 15) were cultured with Dulbecco's Modified Eagle's Medium (4.5 g/L of glucose; Sigma, St. Louis, MO) supplemented with 10% fetal calf serum (FCS, Invitrogen, Grand Island, NY) at 37 C with 5% CO 2 in air. The cells (3,000 cells in 200 mL of medium/well) were precultured in a 96-well plate (92696 TPP, Trasadingen, Switzerland) overnight to allow them to adhere. Subsequently, they were cultured with a medium supplemented with 0.4% calf serum (CS, Sigma) to reduce mitogenic activity due to the serum for 1 d. Then they were further cultured with a medium (100 mL) containing various concentrations of porcine FGF4 or recombinant human FGF4 produced in E. coli (RhFGF4, Gly 25 -Leu 206 , NM 002007, Sigma) in the presence of 0.4% CS and heparin
(1 mg/mL, Sigma) for 3 d. Then 10 mL of WST-1 reagent (Takara Bio, Otsu, Japan) was added to each well and the cultures were incubated for an additional 3 h. The absorbance was measured by microplate reader at 450/655 nm. The statistical significance of the differences among sample means was determined by one-way analysis of variance (ANOVA), followed by the Tukey-Kramer multiple comparison test.
Results and Discussion
The complete nucleotide sequences of the full-length structural gene for porcine FGF4 comprising three coding exons in PCR products (about 4.6 kb) were determined. The nucleotide sequences have been submitted to the DDBJ/EMBL/GenBank databases under accession nos. AB745732 (L1) and AB745733 (L2) for the Landrace pigs, and AB745734 (D1), AB745735 (D2), and AB745736 (D3) for the Duroc pigs. Three complete nucleotide sequences of the structural gene for FGF4 (L1, L2, and D1) and the deduced primary sequences of the encoded protein are compared in Fig. 1 . The predicted primary sequences were identical for a porcine control (XM 003122418) and all the sequences for the five pigs examined, including two Landrace pigs (L1 and L2) and one Duroc pig (D1), in addition to two Duroc pigs (D2 and D3, data not shown). In addition, as compared with XM 003122418, three silent mutations in the nucleotide sequences without changes in amino acid residues were found in D1 and D2:
CCG(Pro 59 )CCC, CGG(Arg 134 )CGA, and TTC(Phe 202 )TTT, the letters after the amino acid residues, indicating codons in D1 and D2. L2 and D3 also contained three silent mutations at the same positions in D1 and D2, including CCG(Pro 59 )CCG or CCC, CGG(Arg 134 )CGG or CGA, and TTC(Phe 202 )TTC or TTT, the letters after the amino acid residues indicating codons in L2 and D3. The two codons corresponding to the respective amino acid residues in L2 and D3 were probably led by the FGF4 allele in the genome. On the other hand, the protein coding sequences in L1 perfectly matched those of XM 003122418. Hence the nucleotide sequence in L1 (AB745732) and XM 003122418 was adopted to the construction of porcine FGF4 expression vectors.
Expression of the recombinant proteins was induced by adding IPTG in order to activate the T7 promoter in E. coli using a pET expression system (Fig. 2A) . The expression of a protein with an apparent molecular mass (Mr) of 26 kDa, corresponding roughly to the predicted size of HispFGF4 (Mr 22 kDa), was detected in Rosetta(DE3)pLysS cells transfected with pET28/ HispFGF4, but no induction of protein expression was observed in the E. coli cells transfected with pET28/ MpFGF4, which had a methionine residue added to the amino-terminus for translation initiation. As shown in Fig. 2B , the 26-kDa protein was recognized by anti-6Â His-tag antibodies on Western blotting analysis, and approximately one-third of the protein was present in the soluble fraction of the E. coli cell lysates.
Next, we tried to purify HispFGF4 from the bacterial supernatant utilizing the heparin binding activity of FGF family proteins (Fig. 3A) . The 26-kDa protein was retained on the column and was eluted with 0.92 to 2.0 M NaCl, which corresponded well with the NaCl concentrations eluting FGF family proteins from heparin column chromatography. 11, 16) As shown in Fig. 3B , Western blotting indicated that anti-6Â His-tag antibodies recognized the 26-kDa protein in eluates with 0.92 to 2.0 M NaCl. Because a slight difference existed between the apparent Mr 26 kDa on SDS-PAGE analysis and the Mr 22 kDa calculated from the predicted amino acid sequence of HispFGF4, the amino acid composition of the 26-kDa protein in the eluates by 0.92 M NaCl was analyzed. The amino acid composition obtained experimentally correlated well with that calculated from the predicted amino acid sequence of HispFGF4 (Table 1) . These results clearly indicate that the 26-kDa protein was HispFGF4. Because most of the HispFGF4 was present in factions 30 and 31, we gathered eluates with 0.92 M NaCl. In our trials, approximately 3 to 4 mg of HispFGF4 per liter of bacterial culture was purified by collecting fractions 30 to 36. The yield was nearly 2-fold higher than that for the mouse FGF4 protein in E. coli in our previous study.
11)
Finally, the mitogenic activity of HispFGF4 on porcine embryonic fibroblast PEF SV40 cells 15) was analyzed (Fig. 4A) as representative of pig-derived cells. HispFGF4 showed significant mitogenic activities at concentrations as low as 0.001 nM (p < 0:01). The promoting effect was similar to that of RhFGF4 (p > 0:05). As shown in Fig. 4B , relatively small cells without projections were found in the presence of 10% FCS. In the absence of FGF4 with 0.4% CS, almost all the cells were enlarged and flattened, but small Whole-genome analysis in the pig is an ongoing project, but the FGF4 protein is probably encoded by a single gene, as indicated in the GenBank database (Gene ID 100518595), as well as in humans (Gene ID 2249) and mice (Gene ID 14175). We consider that the present study should assist in analysis of the exact expression and functional analysis of the porcine FGF4 gene and the protein. The mature types of pig and human FGF4 proteins, comprising 175 amino acid residues, display 93% homology, with 12 differences in amino acid residues. The relationship between the structural differences and the biological activities of these FGF4 proteins is still unknown, because the amino terminus regions of HispFGF4 and RhFGF4 are different. RhFGF4, comprising Gly 25 -Leu 206 in human FGF4, is not a mature type, because it contains part of the secretion signal in Gly 25 -Ala 31 . 8) Further study is required to address the differences in biological activities between the pig and human FGF4 proteins. Fig. 3 . Purification of Recombinant Porcine FGF4 by Heparin Column Chromatography. A, Expression of foreign proteins in Rosetta(DE3)pLysS cells carrying pET28/HispFGF4 was induced by adding IPTG. Then the bacterial supernatant was separated by heparin column chromatography. Retained proteins were eluted with increasing concentrations of NaCl and fractionated at 2 mL/tube. Aliquots of proteins of the representative fractions (Fr.) were separated by SDS-PAGE, followed by CBB staining. B, The 26-kDa protein in fractions 30 to 76 was analyzed by Western blotting using anti-6Â His-tag antibodies. In sum the present study reveals that HispFGF4, a 6Â His-tagged version of porcine FGF4 (Pro 32 -Leu 206 ) designed from validated nucleotide sequences and produced in E. coli, is capable of promoting the proliferation of pig-derived cells, including PEF SV40. To the best of our knowledge, this is the first report to describe the complete nucleotide sequence of the structural gene encoding the FGF4 protein in Landrace and Duroc pigs, together with the production of a recombinant, bioactive porcine FGF4 derivative.
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